Fatty acid methyl esters (FAMEs) of pure triglyceride standards, oils, and fat from dry matrixes were formed by transesterification using sodium methoxide in methanol-hexane. FAMEs were produced by direct addition of sodium methoxide-hexane to samples and heating to simultaneously extract and transesterify acyl lipids. 
C lassically, total nutritional fat analysis involves extraction of the crude fat and gravimetric analysis. The value of this approach changed with implementation of the Nutritional Labeling and Education Act (NLEA) of 1990 (1) . NLEA defines fat as the sum of the fatty acids from mono-, di-, and triglycerides. This definition requires analysis of the fatty acids themselves, rather than of triglycerides or crude fat. Such methods have been developed over the years for the analysis of fatty acids in foods (2) (3) (4) (5) . Typically, fats are extracted from the matrix with various organic solvents, and the extracted fats are saponified (acid or base hydrolysis) to form free fatty acids (FFAs), which are then methylated to form fatty acid methyl esters (FAMEs).
For example, the method developed by Lanza et al. (2) uses the Folch extraction with chloroform-methanol to obtain crude fat (6) . The extracted acyl lipids are saponified, and the resultant FFAs are methylated with boron trifluoride, and the FAMEs are analyzed by gas chromatography (GC). In another method, Morrison (3) incorporates acid hydrolysis of the extracted acyl lipids. The FFAs are then extracted with chloroform-methanol, methylated, and analyzed by thin-layer chromatography (TLC) or GC. Other methods (4, 5) use either acid hydrolysis, alkaline hydrolysis, or a combination, depending on sample matrix. The lipid extract is hydrolyzed by refluxing for 1 h or longer. The sample is extracted with ether, the FFAs are methylated for 1 h with boron trifluoride, and the resultant FAMEs are analyzed by GC. These steps require valuable and limited labor and resources. Hazardous materials typically used in these procedures pose safety and environmental concerns. Classical approaches, as described for nutritional fat analysis in foods, can be problematic and costly to perform. Given these limitations, there is a need to develop methods that speed the analysis and minimize labor and resource requirements.
The direct extraction methylation (DEM) method described here is based on a previously published method (7) used to evaluate lipids in dry grain products. The dry sample matrix was weighed into a reaction vial, internal standard was added, and a mixture of 0.8N methanolic sodium methoxide-hexane (3 + 2, v/v) was added. The capped vial containing the reaction mixture was heated at 80EC for 10 min. Saturated sodium chloride was added to the cooled mixture, and after phase separation, a portion of the upper organic layer was analyzed by GC. The hexane in the admixed reaction solution facilitated extraction of lipids from the dry matrix. Simultaneously, the sodium methoxide transesterified the extracted acyl lipid component to form FAMEs, which were subsequently analyzed by GC. The method developed in our laboratory to determine nutritional fat in infant formula powder uses a similar approach but includes a more complete statistical evaluation to evaluate recovery, precision, and reproducibility, as well as an evaluation of the method on standard reference material (SRM) 1846 (8) infant formula powder.
DEM breaks with conventional methodology for nutritional fat analysis in dry matrixes and combines hydrolysis, extraction, and methylation into an easily controlled and fast one-step operation. (b) GC/MS conditions.-Oven: initial temperature, 140EC (hold 5 min), rate, 4.0EC/min; final temperature, 240EC; final time, 15.0 min. Zone temperatures: injector, 220EC; split ratio, 40:1; carrier gas, helium; 0.6 mL/min; interface temperature, 280EC. The equipment was calibrated by autotuning prior to each series of analyses.
METHOD

Apparatus
Direct Extraction of Lipid and Methylation from a Dry Matrix
(1) Add 300 µL triglyceride internal standard solution B to reaction vial and evaporate to dryness with nitrogen.
(2) Accurately weigh 0.3000 g dry sample matrix into reaction vial, add 5.0 mL sodium methoxide solution A, and 5.0 mL hexane. Screw Teflon-lined green cap tightly.
(3) Transfer reaction vial to a heating block preheated to 80EC, heat vial contents for 15 min, shaking vial contents by hand at 5 min intervals to avoid sticking of the sample to the bottom of the vial. Evaporation of liquid from the vials indicates inadequate seals; if this occurs, discard the sample and start over.
(4) Cool to room temperature, add 6.0 mL saturated NaCl, solution D, to the vial, and shake gently by hand several times. At this step, methylation is complete, and the FAMEs are in the organic upper phase.
(5) Centrifuge mixture for 10 min. Centrifugation helps to define the interface between the upper organic and lower aqueous phases by facilitating transfer of the organic phase. This step may not be necessary if the observed phase separation is complete. stored refrigerated for extended periods prior to analysis provided the vials remain tightly capped to prevent evaporation. (7) Inject 1.0 µL into a GC-FID or GC/MS apparatus. Note: Use the same internal standard (C13:0) concentration for both sample and standard mix; dilute as necessary.
Direct Methylation of Ether Lipid Extract, Oils, or Standard Triglyceride Solutions
(1) To the reaction vial, add a portion of the ether lipid extract (10) that contains ca 12-40 mg lipid. Evaporate to dryness with nitrogen. Alternatively, add the appropriate volumes of working standard triglyceride mix solutions (5, 100, 200, and 600 µL) to individual reaction vials, evaporate to dryness with nitrogen, and transesterify according to the DEM procedure.
(2) Add 5.0 mL sodium methoxide solution A and 5.0 mL hexane and screw green cap tightly.
(3) Transfer reaction vial to a heating block preheated at 80EC and heat for 15 min, shaking at 5 min intervals to ensure adequate mixing. Evaporation of liquid from vials indicates inadequate seals; if this occurs, discard the sample and start over.
(4) Follow previous section, Direct Extraction of Lipid and Methylation from a Dry Matrix, steps (4) through (7).
GC-FID and GC/MS Determination of FAME Standard Solutions or FAMEs in Sample Extracts
(a) Standard solution.-Inject 1.0 µL FAME standard solution C into GC apparatus. Observe chromatogram for any interferences and make sure that all FAMEs in the standard solution have eluted and that the 19 FAME peaks are resolved, especially the C18:1 trans and cis peaks (Figure 1 ). Confirmation of these peaks can be achieved by GC/MS. Determine the relative retention times for each of the FAMEs in the mixed standard solution relative to C13:0 (internal standard; Figure 2) . Define the concentration range within which the linear range of the method will be evaluated and established..
(b) Sample extract.-Inject 1.0 µL sample extract onto GC column. Determine the relative retention times for each of the FAMEs and compare these to the mixed standard solution relative to C13:0 (internal standard). Use relative retention times to identify the FAMEs in the sample. Calculate amounts of fatty acids from peak areas according to the procedure outlined below. Table 1 ).
sources, expressed as triglycerides (1) . Expressing the measured fatty acids as triglycerides requires the mathematical equivalent of condensing 3 fatty acid molecules with one glycerol molecule. Essentially, 3 carbon and 2 hydrogen atoms are added to every 3 fatty acids, resulting in an average of 12.67 daltons being added to the molecular weight of each fatty acid. Because 12.67 daltons represents a different percentage of the molecular weight for different fatty acids, correction factors must be calculated individually (4). We are providing this information for those desiring many significant figures. This precision may not be necessary for gross determinations. Alternatively, one may use a peak area ratio of the C13 relative to the individual FAMEs compared with a peak area ratio standard curve to quantitate individual values.
Calculate (11, 12 ) the response factor, R i , for each fatty acid (i) in the standard mixture (FAMEs-Matreya) by dividing each peak area by the peak area of C13:0:
where R i = response factor for the fatty acid i, A i = peak area of the individual FAME in the standard, W 13 = weight (g) of C13:0 in the standard, A 13 = peak area of C13:0 FAME in the standard, and W ti = weight (g) of the individual FAME in the standard.
Calculate the amount of each fatty acid, F i , in the sample (g of methyl esters) according to the following equation:
)( )( ) 13 13 13 1000 (2) where A si = peak area of the individual FAME in the sample, A S13 = peak area of C13:0 FAME in the sample, C 13 = concentration of C13:0 internal standard added in mg/mL, Q 13 = portion (mL) of C13:0 added to the sample, and R i = response factor for fatty acid from equation 1. Calculate the amount of each fatty acid as the corresponding triglyceride, F i, TG , according to the following equation:
where F TG = theoretical conversion factors from FAMEs to their corresponding triglycerides (see F TG factors in Table 3 ). Calculate the amount of each fatty acid as the corresponding fatty acids, F i, FA , according to the following equation:
where F FA = theoretical conversion factors for conversion of FAMEs to their corresponding fatty acids (see F FA factors in Table 3 ). Calculate the amount of total fat (sum of all fatty acids) in the sample expressed as triglycerides according to the following equation:
Calculate the amount of saturated fat (expressed as the sum of all saturated fatty acids; C8:0 to C22:0) in the sample according to the following equation:
Calculate the amount of monounsaturated fat (expressed as fatty acids; C14:1, C16:1, C18:1, C20:1, and C22:1 cis) in the sample according to the following equation:
Monosaturated fat,% =
Monosaturated fat
Wt.sample
Calculate the amount of unsaturated fat (expressed as fatty acids; C14:1, C16:1, C18:1, C20:1, C18:2, C18:3, C20:1, and C22:1) plus cis and trans polyunsaturated fatty acids in the sample according to the following equation:
Unsaturated fat,% =
Unsaturated fat
Calculate the amount of total fat (as triglycerides), saturated fat (as fatty acids), polyunsaturated fat (as fatty acids), and monounsaturated fat (as fatty acids) per serving according to the following equations:
Total fat, / serving g = % ) ( ) total (as triglycerides serving 100 × g
Saturated fat, serving g / = % ( saturated fat (as fatty acids) serving) 100 × g
Unsaturated fat, serving g / = % unsaturated fat ( as fatty acids) 100 serving
Monounsaturated fat, serving g / = % monounsaturated fat (as fatty acids) 100
Samples containing hydrogenated fat will yield complicated chromatograms because of the large number of trans isomers formed during hydrogenation. One general indication of hydrogenation is the presence of an 18:1 trans peak (s). For chromatograms of hydrogenated fats, use the guidelines below to calculate peak areas of FAME. Because trans peaks elute prior to cis peaks, include all peaks between C18:1 cis and C18:2 cis when calculating the C18:2 peak area. Often, the C18:1 trans "peak" consists of a broad series of peaks (again due to positional isomers generated by hydrogenation); include all of these in the C18:1 trans peak area.
Results and Discussion
To characterize the utility of the DEM method over a range of concentrations, triglyceride standard mixtures were prepared as described in the Experimental section (Figure 3) . The standard mixture given in Table 1 (chromatogram shown in Figure 1 ) was used to establish retention times and to calculate the FAMEs content of SRM 1846. The standard solutions from which the standard mixtures were derived are given in Table 2 , which is included as an aid to the following discussion. Also, the calculated conversion factors derived from the calculations in the Experimental section are shown in Table 3 . The triglyceride standard mix was prepared and then further diluted at 4 levels and subjected to the DEM procedure. The 
results were statistically evaluated (Tables 4 and 5 ). The DEM treatment of triglyceride standard mixtures over a FAMEs concentration range of 0 to 1.700 mg/mL (Table 5 ) resulted in a linear regression correlation coefficient ≥0.9997 for the FAMEs (13, 14) . The experimental values were reproducible (5 replicates at each concentration) and resulted in RSDs of 0.38 to 1.98% (13; Table 4 ). The limits of detection (DL) were from 2.1 ng/µL (equivalent to 2.1 ng on column) for C8:0 to 61.2 ng/µL (equivalent to 61.2 ng on column) for C18:1 cis (13). The limits of quantitation (QL) were from 6.9 ng/µL (equivalent to 6.9 ng on column) for C8:0 to 204.0 ng/µL (equivalent to 204.0 ng on column) for C18:1 cis (Table  5 ; 13). Absolute recoveries for FAMEs ranged from 70 to 108% (Table 6) , and relative recoveries compared with C13:0 internal standard ranged from 95 to 106% (Table 7) . A reagent blank and a reagent blank with internal standard (C13:0) added were analyzed with each sample set, and no interferences were found (Figure 2 ). FAMEs resulting from triglyceride standards subjected to the DEM method are shown in Figure 3 .
We then compared the DEM method to the AOAC method for determination of fatty acid profiles of SRM 1846 (milk-based infant formula powder). Results obtained by the DEM method and current AOAC (1997) ether extraction, saponification, and boron trifluoride (BF 3 )/methanol methylation method were comparable (Table 8 ). Both methods (n = 10 for each method) gave results that closely matched the SRM certificate values. Results from both methods gave chromatograms free of interferences, peaks with similar symmetry, reproducible peaks ratios, and resolution.
In addition, the sample weight of SRM 1846 was varied (Table 9) , or it was spiked at varying triglyceride concentrations (Tables 6 and 7) to establish the method's absolute and relative recoveries and reproducibilities. Absolute recoveries of individual fatty acids using an external standard ranged from 70 to 108% (Table 6) , and recoveries relative to C13:0 internal standard ranged from 95 to 106% (Table 7) .
Diluting the SRM 1846 extract (Figure 4 ) such that FAME concentrations fell within the calibration curve parameters ensured that no column overloading occurred. When FAMEs from samples with high fat content were injected onto the GC column without prior dilution, the C18:1 trans and C18:1 cis saturated the column and the detector gave erroneous results. When using the DEM method, it is important to work within the concentration limitations of this method. Precaution must be taken when diluting because some FAME peaks can be diluted to a level below the DL, making them disappear from the chromatogram. The internal standard facilitates such dilutions by maintaining a relative relationship between the C13 and FAMEs to be quantitated.
The amount of sodium methoxide (CH 3 ONa) needed to methylate 0.3 g dry sample matrix (SRM 1846) equivalent to 81.0 mg fat is approximately 0.61 mL. The following formula was used to calculate the amount of CH 3 ONa needed to methylate a given amount of fat: NaOCH , mL mL / L)(TG, MW mol triglyceride)(0
where TG is the amount of individual triglyceride found in the sample (g), 0.5M is the concentration of sodium methoxide, and MW triglyceride is the molecular weight of the individual triglyceride. Alternatively, acyl lipids in the form of a fat extract, oils, butter, and the like can be directly methylated by this procedure. For example, a portion from the ether extract from (Table 3) .
AOAC Method 996.01 can be reduced to dryness and the lipid residue can be treated by the DEM method. This approach eliminates the saponification and boron trifluoride methylation steps and reduces the time of analysis. The stoichiometry of the limiting reagent, sodium methoxide, should not be exceeded to obtain 100% methylated products in the form of FAMEs.
In all cases, unambiguous identification of FAMEs formed from standard and sample extracts was determined by GC/MS analysis. The mass spectra are not included, but each spectra showed the appropriate fragmentation pattern with all ion masses in the proper ratios.
When the water content of the reaction mixture exceeded 10%, the methylation reaction and the percentage re-1136 CANTELLOPS ET AL: JOURNAL OF AOAC INTERNATIONAL VOL. 82, NO. 5, 1999 coveries were severely affected. This result confirms observations made previously. It is suggested that sample moisture content, being critical for this reaction, be carefully evaluated and controlled by drying prior to analysis (7). The C18:1 trans determinations (Table 6 and Figure 4 ) gave distorted chromatographic peaks and a low calculated recovery of 70% (due to hydrogenation). The chromatograms showed multiple tailing peaks within this small analytical window, but GC/MS analysis confirmed that similar compounds were responsible for the convoluted appearance. The apparent recovery of C18:1 trans can be increased by summing the total area observed in this analytical window to give a true value. We chose not to do this, but we are confident that our explanation of this phenomenon is correct: The abnormal peak behavior is responsible for our reported recovery, but this can be corrected by summing all the areas involved. We have experienced this type of abnormal behavior for other fatty acid determinations in samples containing hydrogenated fat by this and other methods. We are attempting to determine the exact cause of this phenomenon. It may be related to the age or type of column used in our determinations or to matrix interferences that were not observed in the standard mixture.
We evaluated the recoveries by using an internal as well as an external standard. Analyte recoveries for the 2 approaches (Tables 7 and 10 ) are equivalent. The choice depends fundamentally on one's comfort zone, but ultimately the use of an internal standard is ideal. We recommend using an internal standard for the DEM method because it is a simultaneous extraction-derivatization process.
Sample size can also impact the reaction mixture and results. The stoichiometry of the reaction of the acyl lipid with the sodium methoxide must be maintained. Maintaining the proper ratio of liquid volume of the reaction mixture to the dry powder is equally important. Fortunately, a fairly wide range of powder weight can be used. For example, FAME determinations were not affected when sample weights from 0.1 to 1 g of SRM 1846 powder were used with the liquid volume constant at 5 mL each (NaOCH 3 /hexane). The method, however, began to fail when we tried to analyze 2 g SRM 1846 powder. This was overcome by using only the sodium methoxide solution and not the sodium methoxide-hexane mixture when analyzing 2 g samples. Higher FAME values are obtained when CANTELLOPS ET AL: JOURNAL OF AOAC INTERNATIONAL VOL. 82, NO. 5, 1999 1137 only sodium methoxide solutions are used for large samples instead of the sodium methoxide-hexane mixture ( Table 9 ). The DEM approach for dry sample matrixes such as infant formula powder is more useful than the AOAC method because it is less time, labor, and resource intensive. The method reduces the probability of analytical error because the reactants are in a controlled, closed reaction environment. Losses due to sample manipulation, evaporation, and spillage are largely avoided. Interferences formed during boron trifluoride methylation reactions are eliminated. An analyst can be expected to process easily 15 samples/day when using autosampling equipment and computer-assisted equipment controllers. The same number of samples can be analyzed and quantitated in a 24 h period. 
